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A regional mass extinction event in the late Neogene western Atlantic is widely thought to have generated
evolutionary opportunities for survivors, including enemy-related adaptation (escalation). The Strombus alatus
species complex is one potential example of this phenomenon. Strombid gastropods are abundant in the Plio-
Pleistocene fossil record and Recent in subtropical Florida, and the percentage of these shells bearing a row of
short spines on the last whorl increased from nearly zero to almost 100% over this time. As shell ornamentation
is one of the most frequently cited defenses against both peeling and crushing predators, we exposed live spined
and spineless S. alatus to the stone crabMenippe, one of its natural enemies and the predator responsible for shells
scars commonly found on modern and fossil S. alatus shells, to test whether the increase in expression of shell
spines in this species complex is consistent with an adaptive or induced response to intensifying predation pres-
sure fromdurophagous crabs.We also utilize randomvariation in prey shell length, diameter, and lip thickness to
quantify the relative importance of additional shell parameters thought to deter attacks fromdurophagous crabs.
The centralﬁnding of this study is that neither thicker shell lips nor themodern conﬁgurationof spines determine
whether S. alatuswill be more likely to surviveMenippe attacks or have less severe shell damage. In our experi-
ments, the only shell trait associatedwith reduced damage and increased probability of survivalwaswhorl diam-
eter. We conclude that menippid crabs, at least those crabs within the range of large, adult sizes used in this
experiment, probably did not play a primary role in the changing expression of Strombus spines on the last
whorl in the post-Pliocene of Florida or elsewhere in tropical America. This conclusion is consistent with the po-
sition that faunal-scale increases in expression of defensive shell traits in the post-Pliocene of Floridawere driven
more by differential extinction of lightly armored species than escalatory responses to increasing crab predation
pressure. However this conclusion is tentative and additional data are needed to explore this hypothesis fully.
© 2014 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/3.0/).
1. Introduction
A period of environmental upheaval that triggered a regional extinc-
tion event in the late Neogene western Atlantic is widely thought to
have generated evolutionary opportunities for survivors in the form of
speciation (Allmon et al., 1993; Jackson et al., 1993; Allmon, 2001;
Johnson et al., 2007) and enemy-related adaptation (i.e., escalation)
(Vermeij and Petuch, 1986). Escalation, the idea that biological hazards,
such as competition and predation, and adaptations to those hazards
have increased over time (Vermeij, 1987, 1994), was inferred by
Vermeij and Petuch (1986) from a “moderate” post-Pliocene increase in
the percentage of sand-dwelling gastropod genera that possess anti-
predatory shell traits speciﬁc to lip-peeling crabs, such as an occluded
or reinforced aperture. The notion that escalation could begin so rapidly
(within 1 Ma) after loss of up to 70% of Pliocene taxa (Stanley and
Campbell, 1981; Stanley, 1986; Allmon et al., 1993), however, is contro-
versial. Disruptions or reversals of escalatory trends, even if temporary,
are the normal outcome of extinction events (Vermeij, 2013) where
dominant, high-powered predators or competitors are lost and not im-
mediately replaced by invasion, and environmental stresses, such as a de-
cline in primary productivity, impose selection pressures on survivors
(e.g., reduced body size, earlier sexual maturation, etc.) that run counter
to trends in adaptation to biotic factors (e.g., increased body size, invest-
ment in adult defenses, etc.) (Vermeij, 1987). If post-extinction escalation
did occur, it would imply both the (1) rapid recovery of primary produc-
tivity, perhaps through the shift in ecological dominance fromone type of
primary producer to another, and (2) the rapid return of intense top-
down pressure by competitors and consumers (Vermeij, 2004: 242). Al-
though it can take substantial time for high-powered competitors and
predators to re-evolve, invasion of high-powered species form adjacent
areas less affected by extinction would speed up this phase of recovery.
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At present, the increase in proportion of armored taxa in the after-
math of this extinction event is suggestive of intensiﬁed selection
fromenemies, but this, as noted byVermeij and Petuch (1986), this con-
clusion is not yet supported by any speciﬁc ecological data. Additionally,
no data were presented on changes in the relative abundance of
narrow- versus broad-apertured gastropods, which may be a better in-
dication of the average escalation state of the community as a whole
before and after the Pliocene (e.g. Jemvall and Fortelius, 2002). Other
plausible instances of escalation in the post-Pliocene of Florida, such
as microevolutionary increases in shell thickness and size of some
bivalves, have also been portrayed convincingly as isolated, co-
evolutionary responses to highly specialized gastropod predators rather
than as a broad, assemblage-level phenomenon involving generalist
durophagous enemies (Rooperaine and Beussink, 1999; Dietl, 2003). An
alternative hypothesis is, thus, that trends documented by Vermeij and
Petuch (1986) reﬂect differential extinction of broad apertured taxa due
to incidental factors unrelated to escalation, although it is unclear what
incidental factors those might be.
If shell-crushing or peelingpredators did trigger escalation in gastro-
pods following the late Neogene extinction event, its most conspicuous
manifestation would be the simultaneous, independent acquisition of
shell spines and knobs – putative anti-predatory adaptations (Palmer,
1979) – across several genera of soft-sediment dwelling strombid gas-
tropods (Lobatus costatus and Lobatus raninus species complexes,
Eustrombus gigas species complex; Strombus alatus species complex)
from the Pliocene to the Recent in subtropical Florida (Guest et al.,
2008; Landau et al., 2008, 2011). Extant Strombus species are subjected
to a wide array of predation pressures from durophagous enemies.
Vertebrate predators, such as the cownose ray Rhioptera bonasus, the
loggerhead sea turtle Caretta caretta, and various durophagous teleosts
have been known to crush whole Strombus using oral or pharyngeal
jaws (Yamaoka, 1978; Palmer, 1979; Taylor et al., 1980). The mantis
shrimp Gonodactylus has been reported to peel the shell of young
S. alatus and attempt to hammer a hole through the ultimate whorl
via its smasher-type dactylus (Bertness, 1982; Balukm and Radwanski,
1996). Crabs such as Menippe and Calappa are capable of peeling and
crushing adult S. alatus.
The S. alatus complex is of particular interest as it is represented
in Florida as a single, morphologically changing lineage, and Pliocene
to Recent trends in its morphology are well documented (Hargreave,
1995). Strombus is also one of the most abundant survivors of this
extinction event in both Pleistocene fossil deposits (Geary and Allmon,
1990) and modern coastal habitats (Clench and Abbott, 1941).
This population characteristic is important, because common taxa are
more likely to exhibit general adaptive trends than rare taxa, whose
specializations may not be representative of assemblage-level patterns
(Jernvall and Fortelius, 2002).
Since the Pliocene, the percentage of Strombus spp. shells in Florida
bearing a row of short, conical spines on the last whorl has increased
from close to zero to nearly 100%,while themaximumnumber of spines
on the last whorl has increased from less than three to around eleven
(Goodrich, 1944; Petuch, 1994; Hargreave, 1995; Herbert et al., 2004)
(Fig. 1). Similar trends are seen in other fossil Strombus species from
the Caribbean (Landau et al., 2008, 2010, 2011; Freiheit and Geary,
2009). FollowingVermeij and Petuch (1986), Herbert et al. (2004) spec-
ulated that morphological changes in the S. alatus complex were possi-
bly an escalatory response triggered by intensifying attacks from
durophagous crabs, which are abundant in modern habitats and Plio-
Pleistocene shell beds where S. alatus and its fossil predecessors occur
(Britton and Morton, 1989; Portell and Agnew, 2004). The distinctive
scars left by crab chelae are the most common predation trace on fossil
and modern Strombus shells (Herbert et al., 2004), which suggests that
crab predators were potentially important selective agents of Strombus
morphology (Ditel and Herbert, 2010).
Here, we employ an experimental approach to test the hypothesis
that the shell spines acquired by Strombus spp. in the aftermath of the
late Neogene extinction event deter predatory attacks by themost com-
mon decapod predator of gastropods in coastal habitats in the Gulf of
Mexico, the stone crabMenippe (Bert, 1985; Brown and Haight, 1992;
Beck, 1995, 1997). Random variation in prey shell length (columella
height), diameter, and lip thickness between mature S. alatus used
in this experiment allowed us to quantify the relative importance of
additional shell parameters previously cited to deter attacks from
durophagous crabs in other gastropod species (e.g., Hughes and Elner,
1979; Vermeij, 1982; West et al., 1991; Rochette et al., 2007). Testing
whether shell spines do, in fact, increase survival in Strombus prey ex-
posed to crabs is a critical test of the hypothesis that spine evolution
in Strombus occurred, at least partly, in response to durophagous
crabs. We conducted a predator–prey experiment with live Menippe
fed extant S. alatus, where we compared the outcomes of Menippe at-
tacks on S. alatus having the modern morphology of 11 spines with
the outcomes of attacks on S. alatus that had been mechanically altered
B CA
Fig. 1. Strombus sp. shells from Florida showing changes in the typical number and placement of shell spines through time. A. Recent S. alatus from Bonita Beach, Lee County, Florida.
B. S. alatus, Ft. Thompson Formation (0.95–0.22 Ma), Leisey Shell Pit, Ruskin, Hillsborough County, Florida. C. Strombus evergladesensis Petuch, 1991, Bermont Formation (1.6–1.1 Ma),
Longan Lakes Shell Pit, Naples, Collier County, Florida. Scale bar = 1 cm.
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(i.e., shell spines removed) to mimic phenotypes that were common in
the Pliocene and early Pleistocene but are exceedingly rare (b1%) today
(Goodrich, 1944). These “ancient” phenotypes include shells having no
spines on the ultimate whorl (here called the “no spine” condition) and
shells having three spines roughly 180° from the aperture on the ulti-
mate whorl (“three spine” condition) (Fig. 1).
2. Materials and methods
Seven adultMenippe mercenaria–adina hybrids (carapace width =
84.0–96.3 mm), hereafter simply referred to asMenippe, were obtained
from Gulf Specimen Marine Laboratories (Panacea, Florida). Both male
and female crabs were used in this study. All crabs used in this experi-
ment were right-handed; that is, the right chela was always the larger
crusher claw. Each crab was housed in its own 38 L tank with 0.5 cm
of coarse sand and crushed shell substrate, and recirculating seawater.
The sides and tops of aquaria were covered with black paper to prevent
the crabs from seeing crabs in adjacent tanks and from being startled by
lab personnel monitoring the experiment. This also served to simulate
the dark burrow environment in which stone crabs typically feed.
Menippe is typically nocturnal (Powell and Gunter, 1968); however
they readily fed during the day in this study.
Adult male and female S. alatus were collected from Bonita Beach,
Florida and west of Marco Island in the Gulf of Mexico (24° 29.87′ N,
81° 90.11′ W). None of the specimens chosen had any shell breakage
or repair from previous predation attempts. Snails were housed in
groups of 10 in 38 L tanks with approximately 2 cm of coarse sand
substrate and recirculating seawater. All organisms were maintained
at 23 °C and a salinity of 34–36 ppt.
S. alatus were divided into three groups based on lip thickness
as measured by digital calipers at the lip margin, halfway between the
posterior and anterior ends of the lip. The three groups were thin-
lipped (0.4–1.5 mm, mean ± SD = 1.0 ± 0.34 mm), medium-lipped
(1.6–2.5 mm, 2.02 ± 0.29 mm), and thick-lipped (2.6–4.8 mm,
3.15 ± 0.44 mm). In addition to measuring lip thickness (mm), colu-
mella length (mm) and diameter of the ultimate whorl between spines
(mm) were also measured. Within each lip thickness grouping, snails
were haphazardly assigned to one of three ornamentation treatments:
maintaining all spines (“all spines”), removing all spines from the last,
or ultimate, whorl (“no spines”), and removing spines from the ﬁrst
180° of the ultimate whorl, with degrees measured beginning with
the terminal lip (“three spines”) (Fig. 2). Spines for the “no spine” and
“three spine” condition were removed by mechanical abrasion with a
polishing lap.
2.1. Effects of spine removal on shell strength
In order to determine whether the process of mechanically removing
spines weakened S. alatus shells, a possible confounding factor in our
study, we employed indentation testing. An aluminum cast of aMenippe
“crusher” propodus (length = 55.46 mm) (Fig. 3A) was mounted to a
MTS 858 MiniBionix II universal testing system (Eden Prairie, Missouri).
Twenty live thick-lipped S. alatuswere used: ten “all-spine” and ten “no
spine” (mean ± SD for “all spine” and “no spine” respectively: lip thick-
ness: 4.0 ± 0.5 mm, 3.9 ± 0.2 mm; columella length: 71.2 ± 4.0 mm,
71.6 ± 3.7 mm; shell diameter: 32.0 ± 2.3 mm, 31.8 ± 2.3 mm). Each
S. alatus was individually placed aperture-down on a walled steel plat-
form lined with a thin piece of leather, which allowed the shell to be
held ﬁrmly in place and prevent slipping during tests (Fig. 3B). The plat-
form rested upon a 5 kN load cell to obtain force magnitudes at the time
of shell breakage. Themolar tooth of the propoduswas positioned to con-
tact the shell just below the spine row (or abraded spine row) on the ul-
timate whorl. Trials were run at a displacement rate of 0.3 mm/s, based
on loading rates in previous studies (Miller and LaBarabera, 1995;
Stefaniak et al., 2005) and stopped once the shell failed. For each trial,
we recorded force at shell failure (Ffailure, N). However, the amount of ap-
plied force required to break a structure is related to the thickness of a
structure; thicker materials require more force to fail compared to thin-
ner materials, when all other material properties are held equal. As we
could not control for natural variation in internal shell thickness in the
S. alatus used in thesemechanical tests, we alsomeasured shell thickness
(mm) at the sitewhere the aluminumclaw contacted the shell to use as a
covariate in subsequent statistical analyses. If shell strength is not affected
by the mechanical removal of spines, any differences among shell condi-
tions in our predation experiments may be attributed to morphology.
2.2. Predation experiments
To test the effect of S. alatus shell morphology on survival ofMenippe
predation attacks, each crab was offered a single live S. alatus in each of
the spine-lip thickness combinations by placing the S. alatus in the crab's
aquarium. Snails were assigned to crabs haphazardly, which included
three replicates of each of the nine lip-spine combinations presented
to each crab. Due to occasional crab mortality, some crabs received
fewer prey, resulting in 181 trials overall (all spine N = 61, three
spine N = 51, zero spine N = 69). We also directly observed eleven
total predation attempts by four crabs to survey prey handling behavior.
A B C
Fig. 2. Strombus alatus shells demonstrating spine condition. A. “All spine” condition.
B. “Three spine” condition. C. “No spine” condition.
A
B
Fig. 3. Shell strength testing apparatus. A. Aluminum cast ofMenippe propodus. B. Walled
platformused to secure S. alatus shells during testingwith aluminumpropodus inplace for
testing.
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Each S. alatus was left in the crab tank for 72 hours and then
removed whether it was eaten or not. If the snail was eaten, the crab
was not fed again for 7 days to ensure that the crab would be hungry
and motivated to attack the next prey item. If the snail was not eaten,
it was immediately exchanged for a different S. alatus. If this snail was
not eaten within 72 hours, the snail was removed and aMytilusmussel
was given to the crab to meet the crab's basic dietary needs; crabs were
given 7 days before being fed again. All non-eaten S. alatuswere eutha-
nized immediately following the predation trial.
All S. alatus used in the predation experiments, whether eaten or not,
were examined for shell damage following removal from the crab tanks.
For damage to the spire, siphonal canal, and columella, a simple ab-
sence/presence was recorded. Damage to the spines was also recorded
as absence/presence, as well as whether damaged spines were on the
ultimate whorl, penultimate whorl, or both whorls. For shells in which
the lip had been peeled back, the extent of damage was recorded as
an angle from the terminal lip, where 360°= peeling of the entire ulti-
mate whorl, 180°= peeling of half of the ultimate whorl, etc. To collect
angle data, shells were oriented “upright,” markers were placed on the
ultimate whorl at the point of furthest damage from the lip and at the
lip of the shell (or identiﬁable remnants of the lip near the suture),
and the angle of damage was measured in SigmaScan (SPSS, New
York) from the lip to the shell axis to the point of furthest damage
(Fig. 4). In some cases, the damage to the lip was minor and did not
extend past the shoulder. For these shells, we assigned a value of 1° to
allow for statistical testing. Shells with not even minor lip damage
were scored as 0°.
2.3. Statistical analysis
To conﬁrm that shell thicknesswas correlatedwith Ffailure, we used a
Pearson's product moment correlation, followed by an ANCOVA with
shell thickness as the covariate to determine whether mechanically re-
moving spines decreased shell strength. The inﬂuence of shell morphol-
ogy on the ability of S. alatus to survive predation attacks by Menippe
was investigated bymultiple logistic regression. The dependent variable
waswhether S. alatuswas consumed or not (a consumed snail was con-
sidered a positive response), and the independent variables were lip
thickness, shell diameter, columella length, and spine condition (all
spines, no spines, three spines), with the latter coded as a set of two
dummy variables (SC1, SC2) to satisfy the conditions of the multiple lo-
gistic regression. Lip thickness was not treated as a categorical variable,
as it was used as a guide to ensure a somewhat even distribution of
spine conditions across lip thickness values. Signiﬁcance of the overall
regression was determined by a likelihood ratio test statistic (D),
while signiﬁcance of the dependent variables was determined by
Wald statistics. A similar series of multiple regressions was used to de-
termine whether these same independent variables contributed to
presence of damage in presence/absence damage categories (spihonal
canal, spines, and columella). Damage to the spire could not be analyzed
this way, as there were too few individuals with this type of damage to
run amultiple logistic regression. Angle of damagewas analyzed using a
multiple linear regression with the same independent variables as the
other damage regressions. Differences in damage between consumed
and non-consumed S. alatus were assessed with a series of chi-square
tests of independence, and this same test was used to further illustrate
the inﬂuence of spine condition on damage metrics. For all tests, an α
level of 0.05 was used to determine signiﬁcance. All statistical analyses
were performed in PAST (Hammer et al., 2001) or SigmaStat (SPSS,
New York).
3. Results
3.1. Effects of spine removal on shell strength
As expected, Ffailure was correlated with shell thickness (r= 0.472,
p= 0.036). When accounting for the effect of shell thickness (mean ±
SD spineless = 0.7 ± 0.2 mm, intact = 0.7 ± 0.3 N), mechanically re-
moving the spines did not have an effect on Ffailure (mean ± SD spine-
less = 1182.7 ± 440.2 N, intact = 1020.9 ± 383.6 N; F1,17 = 0.854,
p= 0.368).
3.2. Predation experiments
3.2.1. Prey handling behaviors of Menippe
Prey handling was observed in 11 trials plus numerous feedings in
the pre-experiment acclimation period, all on S. alatuswith all spines in-
tact (Fig. 5). Predation attempts lasted anywhere from 2 to 15 minutes
and beganwith an initial phase inwhich the crabwould orient and then
re-orient the prey shell repeatedly with the legs and chelae to ﬁnd an
optimal handling orientation. This process was combinedwith frequent
testing of the prey shell for weak points in which the crab used its right
claw (the crusher) to crush or peel the shell. Shells that sustained little
or no damage within this preliminary manipulation and testing phase
were dropped, but dropped shells were often recaptured and subjected
to further predation attempts.
The orientation of the prey shell to the crab varied between preda-
tion attempts, depending on the stage of the attack. In the earliest attack
stage, the prey shell was typically oriented aperture up, with the spire
facing the crab. In this phase, the left chela (the pincer or cutting
claw) was used to hold the prey shell at the spire, lip, columella, or
siphonal canal, while the right chela (crusher claw) closed on the
spire or columella in an attempt to crush the shell outright. In some in-
stances,Menippe used the left chela and arm to cradle the shell against
its body without grasping it with the claw. If outright crushing failed,
lip peeling attempts often followed. In peeling attempts, the prey shell
was generally manipulated so that its axis was perpendicular to the
anterior–posterior axis of the crab, aperture up (Fig. 5A) or down
(Fig. 5C), and with the spire of the prey shell near the right chela and
the siphonal canal closest to the left chela. To break the shell, the right
chela would close over the posterior portion of the lip. If the aperture
of the shell was pointed upward, the entire right appendage would
then rotate either dorsally or ventrally, similar to a human using a bottle
opener. In one trial, the crab made a small chip in the shell lip with its
pincer claw instead of its crusher, while holding the columella with
the crusher, such that the aperture faced up and spire toward the crab's
body. If the aperture was pointed downward, the crusher claw would
close over the shell with the molar tooth over posterior-most edge of
the lip, near the suture, as well as part of the spire and the middle part
Fig. 4. Strombus alatus shell in position formeasuring angle of damage. Markers are placed
at the point of furthest damage from the lip and at the lip of the shell. Angle of damage is
measured using these points and the shell apex as the vertex of the angle.
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of the claw over the body whorl (Fig. 5C). This orientation typically led
to crushing damage rather than lip peeling.
Between, and occasionally before, breakage attempts, Menippe
would attempt to extract the soft tissue from the shell with the pincer
claw (Fig. 5D). In two trials, the same individual crab unsuccessfully
attempted to pull the snail out of the shell with its crusher. If initial at-
tempts at extraction were unsuccessful, crabs would return to damag-
ing the shells. Successful predation attempts ended when Menippe
was able to extract soft tissue out of the shell with the pincer claw.
Unsuccessful predation attempts ended when the crab dropped the
shell and did not attempt to recapture the snail.
Crabs had varying amounts of success removing the gastropod from
its shell once it was able to grasp the snail's body. In one case, the
gastropod's operculum was torn from the body, though the snail was
not ultimately killed and consumed. In most cases, when shells of con-
sumed snails were removed from the crabs' tanks and cleaned, snails
were only partially consumed, with some parts of the visceral mass
(e.g., gonads, digestive glands) left in the upper shell whorls.
3.2.2. Prey behavior of S. alatus
In the trials described above, we did not observe any attempts by the
prey to escapeMenippe. Snails were alreadywithdrawn into their shells
as they were placed in the tank and remained so throughout the preda-
tion attempt. During the overall experiment, we did observe snails in
their non-withdrawn state, crawling along the tank ﬂoor, after failed
predation attempts.
3.2.3. General types of shell damage
Out of 181 total trials, 175 (96.7%) of all prey shells offered exhibited
some degree of damage. Five (3%) of the 175 damaged S. alatus shells
were completely destroyed (i.e., reduced to fragments). In such cases,
some damage metrics, such as the angle of damage, could not be
measured. All completely destroyed shells belonged to the “no spine”
(2 snails, 2.8%) and “three spine” (3 snails, 5.9%) treatments, but given
the rarity of this type of damage, the relationship between complete
shell destruction and spine condition could not be assessed statistically
(Table 1).
Overall, lip peeling and chipping of the columella were the most
common types of damage (79.9% and 79.0%, respectively), followed
closely by damage to spines (75.7%) (Fig. 6, Table 1). When the three
spine and all spine conditions are considered, ultimate whorl spine
damage occurred in 57.7% of individuals. When all of the spine condi-
tions for S. alatus are taken into account, penultimate whorl spine dam-
age occurred in 64.8% of individuals, and damage to spines on whorls
above the penultimate whorl was found on 35.8% of individuals. Ap-
proximately half of the prey had part of the siphonal canal removed
(52.5%). The least common types of damage were clipping of the spire
(10.5%) and punching through the ultimate whorl away from the aper-
ture (2.2%). The angle of peeling for all attacks damage ranged from 0°
(no damage to the lip) to 360° (entire ultimate whorl removed), with
a mean ± SD of 112.6 ± 75.2° (Table 1).
3.2.4. Inﬂuence of shell traits on shell damage
In general, spine condition did not contribute to the likelihood
of exhibiting any particular type of damage (Table 2), and damage
types were not statistically different across the three spine condi-
tions (χ22 = 0.06–4.91, p N 0.05 for all tests). This was primarily
due to large standard deviations in measured effects, which is
particularly evident in the extent of peeling damage on shells
(mean + SD: no spine = 119.0 ± 70.6°, three spine = 117.5 ±
70.9°, all spine = 102.1 ± 82.9°) (Table 1). Likelihood of damage
to the columella did not have a relationship with any measured shell
characteristic (spine condition, columella length, shell diameter, and
lip thickness), as indicated by a nonsigniﬁcant multiple logistic
Fig. 5. Prey handling byMenippe showing interaction betweenMenippe claws and Strombus shell. A. Strombus held aperture up by the pincer (left) claw, with the crusher (right) claw
breaking the columella and siphonal canal. B.Menippe cradling the shell with its pincer claw and peeling the shell lip with the crusher claw. C. Strombus held aperture down by the pincer
claw over the siphonal canal, with the crusher claw crushing the shell spire. D.Menippe holding the shell with its crusher claw and inserting its pincer claw into the aperture to reach the
snail.
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regression (D= 4.02, p= 0.546). The regression for spine damage to
any whorl and shell characteristics was nonsigniﬁcant overall (D =
9.60, p= 0.087) (Table 2).
Other traits, however, did inﬂuence the likelihood and severity of
certain types of shell damage. The multiple logistic regression for
angle of peeling damage was signiﬁcant (F5,165 = 3.211, p = 0.009);
S. alatuswith smaller diameters exhibited signiﬁcantly larger angles of
damage (Table 2). Lip thickness exhibited a signiﬁcant relationship
with the presence of spine damage, where thinner-lipped S. alatus
were more likely to exhibit spine damage (Table 2). Lastly, the re-
gression for siphonal canal damage was marginally nonsigniﬁcant
(D = 10.68, p = 0.058). However, both columella length and shell
diameter exhibited signiﬁcant relationships with this damage type
(Table 2). S. alatus exhibiting damage to the siphonal canal were more
likely to have a longer columella and smaller shell diameter. Due to
the small number of whorl punches, we did not run a regression on
this metric.
3.2.5. Inﬂuence of shell traits and damage types on prey survival
Out of 181 total trials, 99 (54.7%) prey were killed and partly
or completely consumed. Based on the results of the signiﬁcantmultiple
logistic regression (D = 19.24, p = 0.002), neither spine condition,
columella length, nor lip thickness predicted whether S. alatus was
more likely to survive predation attempts byMenippe. The only signiﬁ-
cant predictor of prey survival was large shell diameter (Table 3).
All consumed S. alatus exhibited some sort of damage (Table 1), but con-
sumed S. alatus exhibited more damage in all categories, compared to
those that were not consumed, with the exception of ultimate whorl
punch (2.0% for both) (Table 4). However, 45.9% of “all spine” shells
Table 1
Percent and number (in parentheses) of S. alatus shells consumed, damaged, and displaying each type of damagemeasured in this study (N = 181). Shells are divided by spine treatment
type. C = consumed, N = not consumed, N/A = not applicable, Total = overall for that spine condition, regardless ofwhether the snail was consumed or not. Total measurement across
shells for spine damage to ultimate whorl is only for the three spine and all spine conditions (N = 112). Mean ± SD given for angle of damage (degrees).
No spine 3 spine All spines Total across
all shells
(N = 181)
C (N = 39) N (N = 30) Total
(N = 69)
C (N = 32) N (N = 19) Total
(N = 51)
C (N = 28) N (N = 33) Total
(N = 61)
Columella 94.9% (37) 63.3% (19) 81.2% (56) 100.0% (32) 52.6% (10) 82.4% (42) 96.4% (27) 54.6% (18) 73.8% (45) 79.0% (143)
Spines 81.1% (32) 63.3% (19) 71.0% (51) 93.8% (30) 36.8% (7) 72.5% (37) 96.4% (27) 72.7% (24) 83.6% (51) 75.7% (137)
Ultimate whorl N/A N/A N/A 59.3% (19) 21.1% (4) 45.0% (23) 71.4% (20) 33.3% (11) 68.9% (31) 48.2% (54)
Penultimate whorl 64.1% (25) 56.7% (17) 60.8% (42) 84.3% (27) 31.5% (6) 64.7% (33) 78.6% (22) 57.6% (19) 67.2% (41) 64.1% (116)
Above penultimate whorl 33.3% (13) 13.3% (4) 24.6% (17) 40.6% (13) 10.5% (2) 29.4% (15) 50.0% (14) 9.0% (3) 27.9% (17) 27.1% (49)
Siphonal canal 56.4% (22) 40.0% (12) 49.3% (34) 65.6% (21) 31.6% (6) 52.9% (27) 82.1% (23) 33.3% (11) 55.7% (34) 52.5% (95)
Spire 18.0% (7) 3.3% (1) 11.6% (8) 18.8% (6) 10.5% (2) 15.7% (8) 7.1% (2) 3.0% (1) 4.9% (3) 10.5% (19)
Whorl punch 0.0% (0) 3.3% (1) 1.4% (1) 3.1% (1) 0.0% (0) 2.0% (1) 3.6% (1) 3.0% (1) 3.3% (2) 2.2% (4)
Peeling damage 97.1% (38) 70.0% (21) 85.5% (59) 96.6% (31) 57.9% (11) 83.3% (42) 96.4% (27) 51.5% (17) 72.1% (44) 79.9% (145)
Angle of damage 158.0 ± 51.6 73.43 ± 62.4 119.0 ± 70.6 157.6 ± 48.1 56.3 ± 54.4 117.5 ± 70.9 166.5 ± 60.5 47.39 ± 55.5 102.1 ± 82.9 112.6 ± 75.2
Completely destroyed 5.2% (2) 0.0% (0) 2.8% (2) 9.4% (3) 0.0% (0) 5.9% (3) 0.0% (0) 0.0% (0) 0.0% (0) 3.0% (5)
Consumed 56.5% (39) 62.7% (32) 45.9% (28) 54.7% (99)
Damaged 100.0% (69) 96.1% (49) 95.10% (58) 93.7% (175)
A B C
D
Fig. 6. Representative damage caused byMenippe during predation attempts. A. S. alatus
(“all-spine” condition) showing damage to the spines and a whorl punch. Shell length:
67 mm. B. S. alatus (“three spine” condition) with damage to the spire, columella, and
shell lip. Shell length as pictured: 63 mm. C. S. alatus (“three spine” condition) with dam-
age to the columella, siphonal canal, spines, and shell lip. Damage to spine on ultimate
whorl due to removal by experimenter. Shell length as pictured: 59 mm. D. S. alatus
completely destroyed. Length of lip piece on left side of ﬁgure: 48 mm.
Table 2
Results of signiﬁcantmultiple regressions to determinewhich S. alatus shell characteristics
contribute to the likelihood of damage by Menippe (nonsigniﬁcant regressions not
shown). For all dependent variables, presence of the damage category is the positive re-
sponse. SC1 and SC2 = dummy variables for spine condition, CL = columella length,
DS = shell diameter, LT = lip thickness, * = signiﬁcant p-value, + = t-test used for
linear regression.
Dependent Independent Coefﬁcient Standard
error
Wald
statistic
p-Value
Spines Constant −1.30 2.32 0.32 0.574
SC 1 0.30 0.43 0.49 0.482
SC 2 0.69 0.44 2.46 0.117
CL 0.05 0.05 1.37 0.241
DS −0.02 0.08 0.04 0.837
LT −0.49 0.20 5.71 0.017⁎
Siphonal canal Constant −2.07 1.95 1.13 0.288
SC 1 0.24 0.37 0.40 0.527
SC 2 0.21 0.36 0.36 0.551
CL 0.11 0.04 7.34 0.007⁎
DS −0.17 0.07 6.88 0.009⁎
LT 0.04 0.17 0.05 0.831
Angle of damage Constant 258.80 68.29 3.79+ b0.001⁎
SC 1 5.25 13.47 0.39+ 0.697
SC 2 −17.81 12.78 −1.39+ 0.165
CL 0.95 1.36 0.70+ 0.488
DS −5.65 2.25 −2.51+ 0.013⁎
LT −10.71 6.13 −1.75+ 0.082
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were consumed compared to 56.5% of “no spine” shells and 62.7% of
“three spine” shells (Table 1). The standard deviations for the mean
angle of damage were high, and in one case (all spines, not consumed)
larger than the mean angle of damage (47.39 ± 55.5°), indicating that
the data tended to fall at the extremes of very little or very high
amounts of peeling damage (Table 1).
4. Discussion
Modern shells of S. alatus typically have a row of 11 evenly-spaced
spines on the last whorl (Goodrich, 1944), while spines on fossil
Strombus from the Pliocene and Pleistocene are greatly reduced in num-
ber and have irregular spacing or are absent entirely (Goodrich, 1944;
Petuch, 1994; Hargreave, 1995; Herbert et al., 2004). Shell ornamenta-
tion is one of the most frequently cited defenses against both peeling
and crushing predators, and several predator–prey experiments have
largely conﬁrmed this (Hughes and Elner, 1979; Vermeij, 1982; West
et al., 1991; Rochette et al., 2007). Therefore, to test whether the mod-
ern number and regular spacing of Strombus shell spines on the last
shell whorl are consistent with an evolutionary or induced response
to intensifying predation pressure from durophagous crabs, we exposed
live spined and spineless S. alatus to the stone crabMenippe, one of its
natural enemies and the predator responsible for shells scars commonly
found on modern and fossil S. alatus shells (Herbert et al., 2004; Portell
and Agnew, 2004). Given previous work on spine function in gastro-
pods, we expected the presence of spines to deter successful attacks
and reduce damage by making prey shells stronger or more difﬁcult to
manipulate (Vermeij, 1974; Palmer, 1979; Savazzi, 1991; Miller and
LaBarabera, 1995). The central ﬁnding of this study is that neither the
modern conﬁguration of 11 spines nor even a thick shell lip determines
whether S. alatuswill be more likely to surviveMenippe attacks or have
less severe shell damage than S. alatuswith fossil conﬁgurations of three
or zero spines. In our experiments the only shell trait associatedwith re-
duced damage and increased probability of survival was a large whorl
diameter.
4.1. The effect of shell morphology on deterring Menippe predation
While adding spines does locally increase the amount of material
that must be broken and should increase the amount of force necessary
to break through that region of the shell, it is only a local effect. Indeed,
crabs such as Carpilius will break off knobs and spines on gastropods
such as Vasum and Drupa without signiﬁcant damage to other parts of
the shell (Vermeij, 1978), and in mechanical tests similar to those in
this study, removing ornamentation on Chicoreus dilectus did not affect
the overall strength of the shell (Miller and LaBarabera, 1995). Spines
occur at the level of the shoulder, and thereforewould only serve to pro-
tect that area. The rest of the ultimate whorl is left at the baseline thick-
ness and thus is weaker than the shoulder region.
Palmer (1979) argued that crabs manipulate their claws precisely to
avoid spines of the type exhibited in S. alatus and should not be deterred
by such ornamentation. We ﬁnd that this statement is true, although
not in themanner expected. Several attacks we observed were initiated
along the lip away from (anterior to) the spine row (Fig. 5B) and were
likely unaffected by the presence or absence of spines. However, most
attacks by Menippe involved direct interaction between the crab's
crusher claw and the strombid spines, as evidenced by the fact that
67% of attacks on individuals with a full spine row resulted in damage
to those spines, including shearing of spines at their bases. In fact,
spine damage was the most common type of shell damage we mea-
sured. Not only do crabs not avoid spines, but they seem to be drawn
to the portion of the lip closest to the spine row when initiating an
attack.
There are two primary reasons why crabs may be drawn to rather
than avoid the general area near the spine row. First, the aperture at
this point is widest and offers relatively deeper access (i.e., better lever-
age) for the large claws ofMenippe (Savazzi, 1991).We also observed in
our experiments thatMenippemay use Strombus spines to stabilize its
claw against lateral slippage during lip peeling. In several of the attacks
we observed,Menippe rested its molar tooth in the saddle-like depres-
sion between adjacent spines. Damage to spines may be occurring due
to (1) top-down compression as the crab tests claw positions and/or
(2) lateral shearing by the molar tooth, which is most likely to occur
as the crab rotates its appendage. We also occasionally observed
Menippe losing control of the shell during breakage attempts. This
could cause the spines to shear off as the snail slips from the crab's
grasp.
Shell thickness of the dorsal shell whorl and lipwas also not effective
in deterring predation byMenippe because of the amount of force that
Menippe is capable of generating. Our tests of S. alatus shell strength at
the dorsal part of the ultimate whorl revealed mean failure forces
of just 1021 ± 383 and 1183 ± 440 N for shells with spines removed
and intact, respectively. By comparison, some Menippe can produce
nearly 1500 N of force (Whitenack et al., unpublished data), well be-
yond the mechanical strength of fossil or modern S. alatus shell whorls.
The lip is also subject to attacks whereMenippe seizes the shell lip with
the crusher clawand rotates the entire arm, in a similar style to a human
using a bottle opener. Adding this rotation, or torque, turns the shell lip
into a cantilever beam, where one end of the beam is free (in this case,
the edge of the lip) and the other is ﬁxed. When loaded in this manner,
the shell lip experiences compression on one face and tension on the
other. Molluscan shells, including those of strombids (Currey, 1980),
are anisotropic; their material properties vary with the direction of
loading and are stronger in some loading regimes (e.g., compression)
compared to others (e.g., tension) (Currey and Kohn, 1976; Laraia and
Heuer, 1989). Given the high forces these crabs are capable of produc-
ing, Menippe may simply be strong enough to overcome lip thickness
defense by applying tension during peeling.
Shell diameter had a signiﬁcant effect on S. alatus damage and
survival metrics, which is in agreement with numerous studies on the
importance of large size as a defense against durophagous predators
(e.g., Hamilton, 1976; Hughes and Elner, 1979; West et al., 1991;
Kitching et al., 1966; Rochette et al., 2007;). Given the manner in
whichMenippe preys upon S. alatus, we suggest that claw gape limita-
tion is why shell diametermatters.Menippe grasps S. alatus in its cutting
claw, usually around the penultimate whorl, to secure the shell for
Table 3
Results of multiple logistic regression to determine which S. alatus shell characteristics
contribute to the likelihood of being consumed by Menippe. The dependent variable
is whether S. alatus was consumed by Menippe, with consumption being the positive
response. SC1 and SC2 = dummy variables for spine condition, CL = columella length,
DS = shell diameter, LT = lip thickness, * = signiﬁcant p-value.
Variable Coefﬁcient Standard error Wald statistic p-Value
Constant 4.51 2.05 4.82 0.028⁎
SC 1 0.44 0.39 1.30 0.255
SC 2 −0.53 0.37 2.04 0.153
CL 0.04 0.04 1.02 0.312
DS −0.20 0.07 8.80 0.003⁎
LT −0.23 0.17 1.75 0.186
Table 4
Percentage and number (in parentheses) of all consumed and non-consumed S. alatus
(n = 181) exhibiting speciﬁc damage types and χ2 results. No test was run on whorl
punches, as the percentages are identical. * = signiﬁcant p-value.
Consumed
(N = 99)
Not consumed
(N = 82)
χ2 p-Value
Columella 97.0% (96) 57.0% (47) 40.16 b0.001⁎
Spines 87.9% (87) 61.0% (50) 16.21 b0.001⁎
Siphonal canal 66.7% (66) 35.0% (29) 16.39 b0.001⁎
Spire 15.2% (15) 18.3% (4) 4.50 0.034⁎
Whorl punch 2.0% (2) 2.4% (2) – –
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crushing or peeling by the larger claw. Given that the cutting claw is
relatively small, S. alatus with wider whorls, in general, should be
more difﬁcult to handle and stabilize, as the crab may not be able to
generate sufﬁcient force to ﬁrmly hold the shell during the breaking at-
tempt. Interestingly, the Recent Strombus pugilis from the tropical west-
ern Atlantic typically has very long spines on the penultimate whorl but
reduced or no spines on the ultimate whorl. We propose that this pecu-
liar distribution of spines on S. pugilis shells is consistent with an adap-
tive response to gape-limited, durophagous crabs (e.g., Menippe) that
grasp the penultimate whorl with the smaller cutter claw but are not
deterred by spines on the ultimate whorl. Furthermore, we predict
that if similar crab predators had any inﬂuence on the evolution of
Strombus spp. in the Plio-Pleistocene of Florida, then ongoing work on
Strombus morphological evolution (e.g., Herbert et al., 2004; Kosloski
et al., 2008; Ditel and Herbert, 2010) should ﬁnd a trend of increasing
effective diameter of the penultimate whorl due to: (1) actual increase
in diameter of the penultimate whorl, (2) addition of spines to the pen-
ultimate whorl, and/or (3) increasing spine size or number on the pen-
ultimate whorl.
4.2. Possible causes of increased expression of shell spines in Strombus s.s.
since the Pliocene
Although we have ruled out large menippid crabs as possible selec-
tive agents driving the increase in spine expression on the ultimate
whorl of Neogene Strombus, we have not ruled out an escalatory origin
in general. Our experimental design does not consider the role of small-
er and weaker menippid crabs or large vertebrate predators, including
the cownose ray R. bonasus, the loggerhead sea turtle C. caretta, and var-
ious durophagous teleosts, which attack small mollusks by crushing the
entire shell between the oral or pharyngeal jaws (Yamaoka, 1978;
Taylor et al., 1980). Small shell spines are already known to increase
an individual snail's ﬁtness in attacks by these gape-limited vertebrates
by increasing the shell's effective diameter but also by redistributing
crushing forces over the thickest parts of the shell (Palmer, 1979).
The possible inﬂuence of vertebrate predators in the evolution of
shell spines in Strombus in the post-Pliocene of Florida is supported by
patterns of morphological change in co-occuring strombid genera
(Guest et al., 2008), which were possibly interacting with the same se-
lective agents. In the Lobatus species complex,where shells often exceed
200 mm in length, Recent and Pleistocene shells from Florida typically
possess a single, large, “knuckle”-shaped, dorsal knob and ﬁve or more
smaller knobs, while Pliocene shells tend to have no knobs (Guest
et al., 2008). The function of the dorsal knob in large strombids has
been shown experimentally to reduce the risk of overturning, which ex-
poses the aperture and soft parts of the animal to nipping by predators,
especially ﬁsh (Berg, 1974, 1975). The dorsal knob also changes the
orientation of an overturned shell so that the aperture is closer to the
sediment surface, and less shell rotation and fewer attempts are re-
quired for righting (Berg, 1974, 1975; Savazzi, 1991). Dorsal knobs are
probably not effective deterrents to attacks by lip peeling crabs such
as Menippe since these knobs are never close to the terminal lip and
prey shell overturning is not required for attacks by crabs. Given that
the trend toward increased expression of a row of short spines in small-
er Strombus spp. coincided with increased expression of shell knobs in
larger Eustrombus spp. and Lobatus spp., and that both traits could po-
tentially deter vertebrate predators, themost parsimonious explanation
for morphological trends in both small and large strombids of Florida is
increasing inﬂuence of one or more vertebrate predators.
The ultimate whorl spines in Pliocene and early Pleistocene
Strombus were positioned roughly 90° to 180° from the terminal lip
(Fig. 1B). In this position on a mature shell (i.e., one possessing a termi-
nal lip), spines are absent from the dorsal portion of the ultimate whorl
and could not interact with a vertebrate predator's jaws in way that
would signiﬁcantly increase the shell's effective diameter or ability to
withstand dorsal–ventral crushing. However, these same spines would
cover much of the dorsal part of the shell on a sub-adult Strombus and
could have increased effective diameter and resistance to crushing.
Thus, if vertebrates were inﬂuential selective agents in the evolution
of Strombus spines, their inﬂuence was, at least initially, probably stron-
gest on sub-adults rather than adults having a terminal lip.
An alternative, non-escalatory mechanism for the spread of
anti-predatory shell armor in strombid gastropods in Florida is hybrid
introgression between Caribbean species possessing defensive shell
structures and Floridian species lacking them. Several fossil species of
Strombus from the Caribbean (e.g., Strombus bifrons Sowerby, 1850,
Strombus proximus Sowerby, 1850; Strombus pugiloides Guppy, 1873)
possessed defensive shell structures (i.e., spine row or dorsal knob) no
later than the Early Pliocene and as early as the early Middle Miocene
(Landau et al., 2008, 2010, 2011; Freiheit and Geary, 2009), well before
the introduction of similar traits in congeners in Florida. Unpublished
molecular data suggest that hybridization between Florida and Caribbe-
an Strombus spp. likely occurred in the Pleistocene (Dietl and Slaughter,
2005). Hybridization could also account for the spread of the dorsal
shell knob in larger strombids, such as Lobatus, as this feature was also
present much earlier in Caribbean fossil taxa (e.g., Lobatus galliformis
Pilsbry and Johnson, 1917; Lobatus vokesae Landau et al., 2008; Lobatus
pascaleae Landau et al., 2010) than in Florida fossil taxa.
5. Conclusions
Thickened shell lips and shell spines on the ultimate whorl of
modern S. alatus are not effective deterrents against shell crushing or
peeling attacks by largeMenippe.
Increasing expression of spines on the ultimate whorl of Strombus
shells through geologic time in Florida, therefore, cannot be interpreted
as an escalatory response to largeMenippe, although smaller crabs and
vertebrate predators, such as ﬁsh and turtles cannot be ruled out. We
can also not yet rule out non-escalatorymechanisms, such as the spread
of shell spines through hybrid introgression.
The diameter of the outer whorl of S. alatus, however, did result
in reduced damage and higher probability of survival in attacks by
Menippe, regardless of spine condition. If crabswere inﬂuential in evolu-
tion of Strombus shell traits in the Plio-Pleistocene of Florida, the best
test of this effect would bemeasured in the evolution ofwhorl diameter
in the fossil record.
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